ABSTRACT
Site-directed mutagenesis was used to produce 27 single cysteine mutants of bacteriophage M13 major coat protein spanning the whole primary sequence of the protein. Single-cysteine mutants were labeled with nitroxide spin labels and incorporated into phospholipid bilayers with increasing acyl chain length. The site-directed spin labeling (SDSL) is combined with electron spin resonance (ESR) and circular dichroism (CD) spectroscopy. CD spectroscopy provided information about the overall protein conformation in different mismatching lipids. The spin label ESR spectra were analyzed in terms of a new spectral simulation approach, based on hybrid evolutionary optimization and solution condensation. This method gives the residue-level free rotational space (i.e. the effective space within which the spin label can wobble) and the diffusion constant of the spin label attached to the protein. The results suggest that the coat protein has a large structural flexibility, which facilitates a stable proteinto-membrane association in lipid bilayers with various degrees of hydrophobic mismatch.
INTRODUCTION
Protein frustration arising from the presence of lipids that do not match the protein hydrophobic thickness has been suggested to be an important factor in determining a stable thermodynamic association of a membrane protein with the lipids (1) (2) (3) (4) . A minimal bilayer perturbation is achieved when the hydrophobic length of the protein matches that of the surrounding lipids. To avoid hydrophobic mismatch the protein may: (i) change the conformational space of the amino acid side chains; (ii) change backbone conformations thereby modifying its secondary structure elements; (iii) change the tilt angles of the transmembrane segments; (iv) change its partitioning in the lipid bilayer; or (v) change its aggregation state in the membrane. On the other hand, also lipids can reduce the free energy by changing the order of the lipid acyl chains as well as by a phase transition to non-lamellar structures (3, 5, 6) .
To study the effect of hydrophobic mismatch on protein structure it is advisable to avoid complicating factors such as different electrostatic properties of the lipids, lipid miscibility, or preferential phase partitioning. It is therefore usual to work with a homologues series of phosphatidylcholine (PC) lipid bilayers with an increasing acyl chain length (6) (7) (8) . The major coat protein of bacteriophage M13 that is composed of 50 amino acid residues, is often used as a reference system for such experiments, since during part of the phage life cycle, this protein is stored in the cell membrane (9, 10) . For example the various effects of different hydrophobic thickness on the lipid selectivity, oligomerization, lateral segregation, and tilt angle of the coat protein have been addressed previously by fluorescence spectroscopy (7, 8, (11) (12) (13) (14) . From these studies it follows that the protein exhibits a large selectivity toward phospholipids that allows a good hydrophobic matching (7) . Upon decreasing the hydrophobic thickness the tilt angle of the transmembrane α-helix increases thereby enabling much of the hydrophobic part of the protein to be inside the lipid bilayer. In addition the transmembrane α-helix may rotate along its long axis to optimize the hydrophobic and electrostatic interactions of the C-terminal phenylalanines and lysines (8, 15) . Reconstitution of the protein in short chain lipid bilayers also results in a loss of helical structure and formation of a stretched conformation of the hinge region that connects the N-terminal domain and transmembrane α-helix (13) . So far, however, no attempts were made to obtain a detailed overall structure of bacteriophage M13 major coat protein in mismatching lipid systems. In general there are also only a few references to the detailed structure analysis of other membrane proteins in mismatching lipids (1).
Site-directed spin labeling (SDSL) has proven to be a powerful approach for the study of membrane protein structure, topology, and dynamics (16) (17) (18) (19) . In this approach, sitespecifically placed cysteine residues are used to introduce nitroxide radicals at a well-defined position in a protein sequence. ESR spectroscopy then yields the rotational restrictions of the attached label that arise from structural constraints due to secondary, tertiary or quaternary structure of the protein. In principle it should therefore be possible to resolve the membrane protein structure if one would be able to analyze motional patterns of spin labels attached at various specific positions along the protein primary sequence. Recently, a new approach for the detailed analysis of spin label ESR spectra was developed that enables one to search for the most probable motional patterns by ESR spectral simulation and global parameter optimization, followed by a condensation algorithm that filters and groups the solutions found in the optimization runs (20) . In particular, by using this analysis, it becomes possible to determine the distribution of the local conformational space of a protein spin-labeled at specific sites along the protein sequence in different lipid environments.
In this work site-directed mutagenesis was used to produce 27 single cysteine mutants of the 50 amino acid major coat protein spanning the whole primary sequence of the protein.
Following the approach of our previous work (21) , single-cysteine mutants were labeled with nitroxide spin labels and incorporated into lipid bilayers with increasing acyl chain length. Circular dichroism (CD) spectroscopy was applied to infer the overall protein conformation in different mismatching lipids. The ESR data were used to determine the free rotational space. The results suggest that the coat protein has a large structural flexibility, which facilitates a stable protein-to-membrane association in lipid bilayers with various degrees of hydrophobic mismatch.
MATERIALS AND METHODS

Sample preparation
Various site-specific single cysteine mutants of bacteriophage M13 major coat protein were prepared, purified, and labeled with 3-maleimido proxyl spin label (Aldrich) as described previously (15, 22) . Labeled mutants were reconstituted into 1,2-dimyristoleoyl-sn-glycero-3-phosphocholine (14:1PC), 1,2-dipalmitoleoyl-sn-glycero-3-phosphocholine (16:1PC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1PC), 1,2-dieicosenoyl-sn-glycero-3-phosphocholine (20:1PC), and 1,2-dierucoyl-sn-glycero-3-phosphocholine (22:1PC) bilayers (all lipids purchased from Avanti Polar Lipids) at L/P 100 as reported earlier (15, 23) . For the purpose of ESR measurements, the proteo-liposomes were then concentrated using lyophilization and subsequent re-hydration, and were collected by high-speed centrifugation (21) .
CD spectroscopy CD measurements were performed at room temperature on a Jasco J-715 Spectropolarimeter in the wavelength range 190 to 250 nm using a 1-mm path length. The CD settings were 100 s scan time, 1 nm bandwidth, 0.1 nm resolution, and 125 ms response time. Up to 50 spectra were accumulated to improve the signal to noise ratio. CD spectra of M13 coat protein reconstituted using the cholate dialysis reconstitution procedure (23) in each lipid bilayer (14:1PC, 16:1PC, 18:1PC, 20:1PC, and 22:1PC) and the respective background spectra were recorded in 100 mM sodium phosphate buffer (pH 8.0) under the same experimental conditions. Difference spectra were obtained by subtracting the background spectra from the corresponding spectra. For the purpose of comparison, the different CD spectra were normalized to the same intensity at 222 nm.
ESR spectroscopy
Samples of reconstituted spin-labeled mutants in different lipid bilayers (14:1PC, 18:1PC, and 22:1PC) were filled up to 5 mm in 50 µl glass capillaries that were accommodated within standard 4-mm diameter quartz tubes. ESR spectra were recorded at room temperature on a Bruker ESP 300E ESR spectrometer equipped with a 108TMH/9103 microwave cavity. The ESR settings were: 6.38 mW microwave power, 0.1 mT modulation amplitude, 40 ms time constant, 80 s scan time, 10 mT scan width, and 338.9 mT center field (19, (24) (25) (26) . Up to 20 spectra were collected to improve the signal-to-noise ratio.
ESR spectral simulation, optimization and solution condensation
The ESR spectra of spin-labeled mutants were simulated as published previously (21) . In short, in accordance with the molecular dynamic simulations where picosecond to nanosecond motions of the attached spin label are observed (27) a fast motional averaging approximation was applied to analyze the local motion of the spin label attached to the protein. Typically two parameters, ϑ and ϕ, were used to describe the maximum amplitudes of restricted tilt (opening cone angle ϑ) and axial rotation (a cone asymmetry angle ϕ) in partial averaging of the magnetic properties of the spin Hamiltonian.
The magnetic interaction tensors g and A were linearly corrected with a parameter p A that describes the effects of polarity. Furthermore, a parameter prot that counts for effect of proticity on the g tensor was applied (28) . Proticity describes the effect of proton binding to the spin label on its magnetic tensor components. It was found that the relative error for parameter prot was quite large, as expected for single frequency ESR measurements. Therefore this parameter will not be used in our further discussion. 
, where g fe is the free electron g. When calculating the convolution of the magnetic field distribution and the basic lineshape, two linewidth parameters, τ c and W, were applied. A Lorentzian line was used in the motional narrowing approximation with a single effective rotational correlation time τ c (29) . To describe an additional broadening of the spectral line arising from non-motional effects, a constant W was applied. This parameter arises from unresolved hydrogen superhyperfine interactions and contributions from paramagnetic impurities (e.g. oxygen), in addition to external magnetic field inhomogeneities, field modulation effects, and intermolecular spinspin interaction if present and applicable. Since the line broadening parameter W is not relevant for the local spin label motion, we will not further discuss it in this work.
To resolve coexisting motional patterns from the ESR spectra, the simulated spectra were composed from four independent components defined by four solution sets {ϑ, ϕ, τ c , W, p A , prot} and appropriate weights, resulting in 27 independent spectral parameters (note that we get 27 parameters by 4×6 + 3 (for the relative weights)). Motional patterns, or a distribution of motional patterns were resolved from the ESR spectra with the implementation of multi-run hybrid evolutionary optimization (HEO) and a condensation algorithm that filters and groups the solutions found in the optimization runs (called GHOST condensation) (20, 21, 30) .
To guide the optimization for solving the inverse problem a common fitness function was introduced: the reduced χ 2 . This function was calculated from the sum of the squared residuals between the experimental and simulated spectral points divided by the squared standard deviation of the experimental points and by the number of points in the experimental spectrum (in our case 1024). Due to the complex search space of the spectral parameters (27 in total), the HEO algorithm was enhanced with a special shaking operator to prevent crowding of solutions (30) . For multi-run HEO optimization 20 runs were applied. Typically 10 different best-fit parameter sets of each run were extracted from the multiple HEO runs. The large amount of information generated was finally condensed by the GHOST condensation algorithm (20) that filters the solutions according to their goodness of fit and solution density in the parameter space, and performs group recognition by a slicing method (31) .
RESULTS
Protein overall secondary structure
The overall structure of the major coat protein reconstituted into different lipid bilayers was determined with CD spectroscopy. As given in Fig. 1 , the CD spectra of the spin-labeled T46C mutant protein are indicative for an overall helical conformation. However, small differences in the CD spectra of the protein in the individual lipid bilayers are observed. The negative ellipticity at 210 nm increases from 14:1PC to 18:1PC, but decreases again from 18:1PC to 22:1PC. For the protein reconstituted in 22:1PC the zero crossing of the ellipticity is shifted to a slightly higher wavelength. There is, however, no indication of irreversible β-sheet aggregation for the protein in different PC bilayers.
Protein local structure
To resolve the local conformation of the protein in different lipid bilayers, 27 out of 50 amino acid residues were replaced for a cysteine residue, spin labeled, reconstituted into lipid bilayers, and the ESR spectra were recorded. Based on the CD results, bilayers with the protein reconstituted in the two extreme lipid systems 14:1PC and 22:1PC were selected for further study (i.e. the thinnest and thickest lipid bilayer). As a rough indicator for the spin label mobility, the outer hyperfine splitting 2A zz for the various mutants reconstituted in 14:1PC and 22:1PC bilayers is shown in Fig. 2 . In general the spin labels in 22:1PC bilayers are more restricted as compared to 14:1PC bilayers. However, the overall pattern of mobility for the different protein segments in 14:1PC and 22:1PC bilayers is about the same. Both the C and N-termini of the protein are unrestricted in mobility, whereas the central part of the protein appears to be strongly immobilized. Although analysis of the outer hyperfine splitting 2A zz of the ESR spectra suggests some modifications of the conformation of the protein in the two lipid bilayers, it is not possible to relate this directly with the CD results.
To extract the local structural information, the ESR spectra were simulated with a model of asymmetric motional restriction (21) , and characterized via a multi-run hybrid evolution optimization method (20) . For all 27 mutants the quality of the simulated ESR spectra is excellent -the reduced χ 2 is between 3 and 5 at a signal-to-noise ratio between 250 and 400. As an example, the experimental and fitted ESR spectra of the spin-labeled mutants S13C, A25C, A35C and T46C in the two lipid bilayers are shown in Fig. 3 . For a reference purpose, these mutants are selected to be well distributed along the primary sequence. Fig. 3 also contains the corresponding GHOST plots that provide the most significant and probable groups of solutions of spectral parameters. The ESR line shapes for the selected mutants in 14:1PC along the protein primary sequence are different, ranging from isotropic (position 13), moderately immobilized (position 46) to very anisotropic (position 25 and 35). Different rotational restrictions of the spin labels as suggested by different spectral lineshapes are well resolved by the GHOST plots. For example, the rotational space for position 13 is completely open as suggested by the large ϑ and ϕ values. On the other hand the rotational space for spin label at the position 25 is very restricted as suggested by the green-colored component. As was discussed previously (21) , only the "most restricted" component represents the transmembrane state of the protein and will be discussed further in the text. Other components resolved by this methodology can involve nonspecific labeling and other local conformations with lower probabilities. In the thicker lipid bilayer 22:1PC all selected mutants show a more restricted rotational space. The most pronounced difference is observed at position 13, where the spin label experiences a significantly more restricted rotational space in 22:1PC as compared to 14:1PC.
The GHOST condensation plots shown in Fig. 3 represent the distribution of the effective free rotational spaces, i.e. the cones defined by the maximal amplitudes of tilt and axial rotations, within which the spin label attached to the protein can wobble. Based on these parameters, the normalized free rotational space, Ω, of the spin label can be defined as:
This parameter measures the space angle, i.e. the surface of the cone left for spin label wobbling. It was deduced from the experimental data, which indicated that product of the two cone angles is most sensitive for the protein local motion. Note that both angles in this product are normalized to the maximal amplitude, which is π/2. In Fig. 4 the normalized free rotational space Ω of the transmembrane state of the protein reconstituted into 14:1PC and 22:1PC bilayers is presented. In this figure, protein domains with differences in the free rotational space can be well identified, for example segments with no restriction at both terminal ends, or segments with large restrictions in the transmembrane α-helix.
Protein folding elements in mismatching lipid environments
By a close inspection of the data in 
Protein side chain rotational diffusion
From a classical point of view, it is reasonable to expect that the rotational moment of the spin label attached to the protein at different locations along the protein sequence and at constant temperature is approximately constant. From Fig. 4 , however, it follows that the space in which the spin label can move differs along the protein sequence. As the rotational moment is approximately constant at a given temperature and environment, the rotational correlation time τ c , which is related to the time laps between subsequent molecular collisions that impact the rotational moment, should correlate with the free rotational space. This implies that the spin label in a more confined environment can keep its rotational moment for a shorter time, i.e. it has a shorter correlation time. On the other hand, a spin label that is spatially less restricted remembers its motional momentum for a longer time, i.e. it has a longer correlation time. To normalize the effect of spatial restrictions on the rotational correlation time, it is useful to re-calculate the rotational correlation time taking into an account the surface of the cone where the spin label moves. Similar to the classical lateral diffusion constant definition we can therefore define the rotational diffusion constant D as the quotient of one fourth of mean square displacement and rotational correlation time τ c . Note that mean square displacement in rotational diffusion is approximated with the product of wobble angles, which is proportional to the free rotational space Ω
The dependence of the diffusion constant D along the protein sequence is shown in Fig. 5 . In comparing the data for 14:1PC and 22:1PC, it is striking to note that, except for positions 12 and 13, the differences in the diffusion constant are small. The spin label diffusion constant is approximately 3-4 times lower for sites that are located in the amphipathic domain and transmembrane α-helix, as compared to sites that are located in the N and C-terminus. Furthermore, there is a strong gradient in the rotational diffusion constant in both the N and C-terminus. The spin label attached at the far end of the C-terminus (position 49) has a lower diffusion constant as compared to spin labels in the beginning of the N-terminus.
DISCUSSION
The overall and local structure of a membrane protein reconstituted in lipid bilayers with varying degree of hydrophobic mismatch were studied by CD and SDSL ESR spectroscopy. Site-specific protein cysteine mutants that were selected to be approximately regularly spaced along the primary sequence of the M13 major coat protein, were reconstituted into 14:1PC, 16:1PC, 18:1PC, 20:1PC, and 22:1PC bilayers. In this work we demonstrate that SDSL in combination with a new computational approach of ESR analysis is capable of providing detailed local molecular information in terms of protein local rotational restrictions that arise due to reconstitution in lipid bilayers with hydrophobic mismatch. The ultimate goal of this approach will be to combine this information to obtain the overall structure of the protein.
Under hydrophobic matching conditions M13 major coat protein has been reported to be stably associated in a lipid bilayer (7, 13, 14) . In case of hydrophobic mismatch, however, both lipids and protein molecules will tend to reorganize themselves to lower the free energy. As follows from the ratio of the CD intensities [ ] 210 θ / [ ] 222 θ the overall secondary structure of the protein changes when going from a matching 18:1PC bilayer to either thinner or thicker lipid bilayers. While CD spectroscopy may enable one to obtain a global structure of the protein, provided the availability of a good reference data set, it is less suitable to determine local molecular details needed to explain relatively small structural rearrangements upon hydrophobic mismatch.
To resolve local conformations of the protein in either positively or negatively hydrophobic mismatching lipid bilayers, we will consider only the effect of the two lipid bilayer extremes (i.e. 14:1PC and 22:1PC) on the local structure of the protein. As the majority of the spinlabeled protein sites appeared to be moderately immobilized in both lipid systems, an attempt was made to explain the structural rearrangements on the basis of the outer hyperfine splitting 2A zz . The overall motion of the protein in lipid bilayers is assumed to be slow on the ESR time scale. When the slow tumbling motion of the protein in the lipid bilayer is decoupled from the fast side chain motion, the main contribution to the ESR spectrum would be an increase of the outer hyperfine splitting. Apart from spin-labeled mutants 25 and 29, which have a relatively large outer hyperfine splitting, all the other spin-labeled mutants have much smaller outer hyperfine splittings. On the other hand, when the slow overall protein motion and fast amino acid side chain motion are correlated on the ESR time scale, the magnetic tensor components would partially average out and the slow protein motion would result in a distribution of spectral solutions. The contribution of the slow protein motion, however, should be similar along the labeled sites in the protein primary sequence. Since we observed a typical segmental pattern of protein mobility (i.e. flexible N and C-terminus, amphipathic and transmembrane part) it is not very likely that a possible contribution of the slow protein motion significantly affects the interpretation of the results.
In the literature the outer hyperfine splitting 2A zz of spin-labeled proteins is frequently used as a measure of the local constraints for the anisotropic rotational motion of the spin label (27, 32) . Such an approach was carried out previously on membrane-embedded M13 coat protein by Bashtovyy et al. (33) , who used the outer hyperfine splitting 2A zz to search through the database of known micellar NMR structures (34) to find the best fitting conformation by a constrained geometry optimization in a phospholipid environment. However, in the absence of a detailed molecular model that resolves local constraints and free rotational space in nonmatching 14:1PC and 22:1PC lipid bilayers, such a general approach is not feasible. Furthermore, in complex multi-component spectra, the outer hyperfine splitting 2A zz may not represent the relevant site-specific information (i.e. a small immobilized fraction producing outer wings of the spectrum may dominate the value of 2A zz ). Therefore, to extract the ESR spectral information that will be suitable for structural modeling a new method for data analysis is introduced here that gives the most probable motional restriction patterns for the spin-labeled site (20, 21) . This method provides a new parameter: the normalized free rotational space Ω of the spin label while attached to the protein (Eq. 1).
The normalized free rotational space Ω data (Fig. 4 ) in both 14:1PC and 22:1PC are consistent with the generally accepted fold pattern of M13 major coat protein (10, 34, 35) . In both lipid bilayers there is an unstructured N-terminus followed by an amphipathic helix extending up to position 23. The hinge region that connects the amphipathic helix and transmembrane α-helix is reflected by strongly decreased values of Ω. The transmembrane helix is ended with a flexible unstructured short C-terminus. The membrane location at the Cterminus is not affected by the lipid bilayer thickness, in agreement with previous work (8) . This effect can be assigned to a unique concerted action of the C-terminal phenylalanines (Phe42 and Phe45) and lysines (Lys40, Lys43, and Lys44) in membrane anchoring (9, 10) .
It is remarkable that given the range of the lipid bilayer thicknesses and differences of the physico-chemical properties of 14:1PC and 22:1PC, the overall differences in the local structures of the protein in the two lipid systems are relatively small. This indicates that the local free rotational space of the spin label attached to the protein is dominated primarily by the conformation of the protein and affected only slightly by the lipid surroundings. The only strong difference that can be observed is related to the length of the unstructured N-terminal domain, which is 7 amino acid residues long in 22:1PC and 14 residues in 14:1PC, an exception being position 10, which is severely restricted already in 14:1PC. The observed length of the unstructured N-terminal domain is consistent with the low-resolution structure of the protein that is emerging from the analysis of site-directed Förster (or fluorescence) resonance energy transfer (FRET) data (36) .
The resolution of the data presented in Fig. 4 further enables fine-tuning the local structure of the protein within a given structural element. It is interesting to note that in both lipid systems, there is a relative strong restriction for positions 23 to 29. The most pronounced effect is found for position 25 that is much more constrained than the average for the spin labels in the α-helical transmembrane domain. This is probably due to a cluster of bulky amino acid residues in the vicinity (i.e. Ile22, Tyr21, Tyr24, and Trp26) (33, 37, 38) . These amino acid residues could restrict the local spin label motion, but also the aromatic residues could compact the helix by a sandwich effect due to the planar aromatic side chains. Based on these findings the local spin label motion can be described in terms of structural hierarchy: (1) structural effects due to the primary structure of the protein, i.e. structural effects due to limitation of the rotational space by the side chains of neighboring amino acid residues; (2) structural effects due to secondary or higher structures of the protein, i.e. folding elements such as α-helix or an unstructured state; and (3) structural effects due to the surrounding lipid molecules.
Consistent with this classification, two rotational diffusion regimes of the spin labels attached to the protein (see Fig. 5 ) can be identified. The spin label rotational diffusion is either low in the structured part of the protein by the presence of an α-helical conformation in the amphipathic domain and transmembrane section, or much higher at both unstructured protein termini. Clearly, the normalized free rotational space Ω is the most sensitive parameter to describe the local spin label environment.
The normalized free rotational space Ω in 14:1PC in both the amphipathic helix and transmembrane α-helix is less constrained than in 22:1PC. In addition, the smaller value of the outer splitting 2A zz (Fig. 2) and the larger value of the normalized free rotational space Ω in 14:1PC bilayers may indicate a less stable and more loosely defined helix, i.e. hydrogen bonds break and close often. From molecular dynamics simulations it follows that hydrogen bonds that keep the helix structure together, can break and reform on the ESR time scale (39) . Therefore, ESR spectroscopy should be sensitive to pick up this effect. It is presumed that making a hydrogen bond is energetically more favorable in the transmembrane protein domain than in the N-terminal domain. Therefore, it is expected that the transmembrane α-helix is stiffer and more rigid with a reduced rotational space as compared to the amphipathic helix. This is consistent with the normalized free rotational space Ω data (see Fig. 4 ) that
show lower values in the transmembrane α-helix as compared to the amphipathic helix. Thus we can conclude that on the average the transmembrane α-helix is more stable than the Nterminal helix. The transition from a more loosely defined amphipathic helix to a more rigid transmembrane helix is indicated by the large change in the normalized free rotational space Ω between position 22 and 25 in both lipid systems.
The SDSL approach developed in this paper for membrane proteins provides an alternative structural view as compared to other biophysical techniques, such as NMR and X-ray crystallography. The residue-level information that one can extract form SDSL is useful for obtaining information about protein folding, protein topology, protein-lipid interactions, hydrophobic mismatch, and detection of function-related conformational changes of membrane proteins in different lipid systems. The key advantage of the SDSL approach, however, is that it is independent of the size of the proteolipid system and can be applied in different membrane model systems i.e. micelles, and liposomes. Nevertheless the major challenge that still lies ahead is how to exploit the information about the local free rotational space to obtain a detailed overall structure of membrane proteins with the resolution of one amino acid. 
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